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The interaction of 800-MeV H ions with a thin foil produces protons, the ground state and excited states of
neutral H atoms, and unstripped Hons. We investigated the distributions of individudl Stark states within
then=3 and 4 levels produced by C and.,8% foil stripping of H™ ions. Foils of various thicknesses were
placed upstream of a magnet with a linearly increasing transverse field along the beam direction producing a
motional electric field strong enough to ioniz& states withn=3. We consider three questior®: What are
the populations of individual $Stark states produced in the interaction of 800-MeVibhs with thin C and
Al,0O; foils, (ii) how do the relative population distributions change with foil thickness, (andhow is the
population distribution produced in an #&; foil modified when the foil is placed in a magnetic field? A
simple qualitative model is presented to explain the major trdi&l050-29478)02212-4

PACS numbeps): 34.50.Fa, 33.55.Be, 41.20q, 41.75.Cn

[. INTRODUCTION vidual Stark states produced in the interaction of relativistic
H™ ions with thin foils have never been measured. Within a
The passage of an ion beam through a thin foil is argiven n level there are significant differences in lifetimes
interesting example of an ion-solid interaction having bothagainst field ionization in the rest frame electric field. To
theoretical and practical implications. A classical transportcalculate accurately the first-turn injection losses into the
theory employing a Monte Carlo solution to a microscopicPSR, the relative abundances of the individual Stark states
Langevin equation to describe the multiple scattering insidevithin the relevann levels must be determined.
the foil [1] was extended to the relativistic regime by Gervais e use field stripping, a source of difficulty for injection
et al.[2]. This theory was compared with recent experimen-Nto storage rings, as a tool for measuring Stark state popu-
tal data of Gulleyet al. [3], of which the present work is an lations in motional electric fields. In this work there are three
extension, and agreement was found. The theory was deveffincipal questions we wish to answer. First, what are the

oped to predict the single- and double-electron detachmeoPUlations of individual A Stark states produced in the

. i : . ; oo
from the H ion and also the evolution of excited’Ktates, mterac(;lo(r; Oft? 00 'l\"e.V H |ons| W.'th tg.'n f?ba”_d AQO%fons. ith
described by the principal quantum numimers a function Second, do the relative population distributions change wit

o . foil thickness? Finally, does the population distribution
of fq|l thl_cknes_s. Rece'?“y’ K“p'?k et al. extended th_e the- change when a magnetic field is imposed on ayOAlfoil?
oretical investigations if2] to include the production of

IR i X X Most of the work in atom beam-foil interactions has been
individual H® Stark states produced in the interactions of4one at beam energies lower than the 800 MeV used in this
high-energy H ions with thin foils[4]. o measurement. Electronic excited-state populations produced
An important application for this work is in accelerator jn peam-foil interactions exhibit a nonexponential decay law
physics where foils are commonly used to strip an electrofi7] imposed by cascades from highly excited atoms. Subse-
from H™ to produce H, which may be further stripped to a quent calculations account for the effects of the cascades and
bare proton for injection into a proton storage ring. Sonfe H predict that fast ions emerging from the solid appear in
Stark states, created in the foil, field ionize in the motionalhighd Rydberg statef8,9]. Unlike the ion-solid interaction,
electric field produced by downstream bending magnets. Thbeinary ion-atom collisions at similar high velocities populate
protons derived from these field-ionized states pose problemsainly low- states[10]. A classical transport theory by
for injection into proton storage rings, such as the Los Ala-Kemmler, Burgddfer, and Reinhold to explain the passage
mos Meson Physics Facilitt AMPF) Proton Storage Ring of O (2-MeV/nucleon through carbon foil§10] has been
(PSR, since their trajectories may be outside the acceptancsuccessfully applied to the experimental data of Yamazaki
of the ring, causing first-turn losses and activation of beangt al.[11], where(1.5—-5-MeV carbon ions traversed carbon
line component$5,6]. Furthermore, the radiation levels pro- foils and He gas. The highdistribution in then=>5 shell of
duced by the errant particles colliding with the walls cancarbon was satisfactorily explained by the theory of
seriously limit currents. The relative abundances of indi-Kkemmler, Burgdefer, and Reinhold. This theory predicts
that the hight states are preferentially produced in ion-solid
collisions due to the stochastic scattering of the highly ex-
*Permanent address: Physical Sciences Incorporated, 20 New Eaited electrons in the soliflL0].
gland Business Center, Andover, MA 01810. This work is a continuation of an earlier stuff42,13 to
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FIG. 1. Normalized charge density of the parabolic spate4, n,=3, n,=0, m=0). The field points are along theaxis. The charge
plotted is 27p times the charge per unit volume. The dipole moment is 18 a.u.

determine the nature of the interaction of relativistic H Subject to a Coulomb potentiat Ze*/r may be uncoupled
beams with thin foils. Preliminary results of this work, done into two ordinary differential equations using parabolic co-
at the High Resolution Atomic Beam FaciliH{IRAB) at  ordinates(¢,»,¢) defined in[15]. This uncoupling also holds
the LAMPF, have been presented elsewHé&d. The popu- when a homogeneous external electric figlth the z direc-
lations within a givenn level for carbon foil thicknesses tion is present. The solutions of the Sctiimger equation
ranging from 9 to 553g/cn? were reported by Gullegt al. ~ may be described in terms of the parabolic quantum numbers
[3], along with a theory by Gervaist al. [2], which was N, Ny, np, andm, which are related by

shown to be in agreement with the experimental results. The
results reported here concern the population fractions of the

individual Stark states within the=3 and 4 levels. n=n;+n,+[m/+1, @)

wheren is the principal quantum numbem is the magnetic
guantum number, and; andn, are non-negative. The so-
The interactions of a relativistic Hion beam traversing a called electric quantum numbken,—n, is also commonly
thin foil include inelastic and elastic scattering, single- andused and will be mentioned below. The parabolic state wave
double-electron detachment from™Hand the production
and evolution of excited Histates in the foil. The model that 07
predicts populations distributions within a giverevel [2]
treats the H ion-foil interaction as a series of incoherent
collisions and at present cannot predict Stark state distribu

Il. THEORY

tions and thus may not be entirely appropriate. The time 3 g
between collisions of an 800-MeV Hatom with 2.2-A- & ] _ﬁ;';
spaced foil atoms is 4710 s in the ion rest frame, 2 e s
about 300 times shorter than the atomic unit of time =% 1 —Hol2
1.37X10 '8 s, Since the period, of an electron in a Bohr & 0| N TT~—0 ] #i20-

—— pozs1>

orbit scales as1® [16], an electron in a A{n=3,4) atom
traversing a foil could be bombarded many times in a single
orbital period.

Field ionization is used to determine the populations %f H
Stark states produced in the foil. A uniform electric field
partially removes the degeneracy of hydrogenic states, witl

the degeneracy im remaining. Arbitrarily weak fields trans- FIG. 2. Stark energies of$Stark states in the=4 level versus
form stationary states into narrow quasistationary bands ifhe rest frame electric field based on the “modified” Damburg-
the continuum into which an electron may tunnel. Each enxolosov fifth-order perturbation theory. The maximum field shown
ergy level is characterized by its widlh=7%/7, which in-  for each state is the approximate field value by which the state has
creases with the field intensity and is inversely proportionabecayed due to field ionization to only 0.1% of its original popula-
to its lifetime 7. The Schrdinger equation for an electron tion.
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(negative field direction. Figure 1 shows the normalized
(unit volume under the surfagecharge density of state

1 ——Mus3e0> In=4,n,=3,n,=0, m=0) as an example. The charge den-
- M20E1> ity s the absolute magnitude of the squared wave function

- SO I S % TR U U B 1410+2> times 2mp, wherep is the perpendicular distance from the
S ol I #210> guantization axis. The moment of the charge density along
< o K00E3> e field direction is 18 a.u.

E o} — illl> The lifetimes of individual 9 Stark states against field
£ —=- 012> ionization as a function of electric field were calculated
-1 1 k120> based on the work of Damburg and Kolosf6], whose
ol | :::gizf perturbation theory extends to fifth order in the fieldWe

describe later how these predictions were modified. The
Stark energies and lifetimes against field ionization as a
function of electric field for then=4 level based on a modi-
fied Damburg-Kolosov perturbation theor(DKPT) are
shown in Figs. 2 and 3, respectively. The energy splitting in
FIG. 3. Rest-frame lifetimes against field ionization df Stark €V between the states with the extreme valuek within a

states in thev=4 level versus the rest frame electric field based onlevel n is approximately
the modified Damburg-Kolosov fifth-order perturbation theory. The ( 1)

n—

z
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ifoti i 13
lifetimes shown are in the range 19-10 s, AE,~3F n (5.29¢10°%) eV, @
functions are azimuthally symmetric about the field direc-

tion. The charge densities of the parabolic coordinate wavahere the fieldr is expressed in MV/cm.

functions, unlike their spherical state counterparts, have per- In this experiment a static laboratory magnetic field gave
manent electric dipole momentisalong the field directiom. rise to a rest frame motional electric field plus a rest frame
States with highk| have the highest magnitude @fWhenk  magnetic field. Qualitatively, a magnetic field tends to in-
is positive(negative the dipole moment is along the positive crease the binding of the electron by forcing the electron
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FIG. 4. Diagram showing the possible outcomes of interactions of #, and H" with the foil and “Gypsy” magnet. The various
charge states are separated and detected 5.5 m from the peak magnetic field with a scanning scintillator in coincidence with two wide
scintillators. The scanning scintillator travels along #hdirection, both magnetic fields point in the negatdirection, and the incident
beam defines thedirection. An aluminum window at the end of the drift tufrt shown strips all electrons from Hand H™ so that only
protons are detected. Protons that enter the Gypsy magnet are detected at paaitibprotons derived from field-detached nd H
states not field stripped, field-stripped Btates, and H not field detached appear at positidnsc, d, ande, respectively. PMT denotes
photomultiplier tube.
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closer to the nucleus. The direct effect of magnetic fields on
H™ in its singlet ground state is restricted to the nuclear
magnetic moment; the effect on atomic hydrogen i$ 10 107 1
larger, but nevertheless is still negligible. We are unaware of

a quantitative theory describing the effects of a relatively 3 10°
weak magnetic field<1 a.u) on the electric-field ionization &

of H°. T 107
S
[

E .

lll. EXPERIMENTAL METHOD g 10

The basic idea as shown in Fig. 4 was to send an 800 105 1
MeV H™ beam onto a foil and to examine the results. The
excited states of neutral®produced in the foil are stripped
in the motional linear-gradient field of a downstream magnet
(named “Gypsy”) and the resulting distribution of “daugh-
ter” protons is dispersed transverse to the incident beam di detector position (mm)

rectlpn. The(;‘!eld?’(;-f?the Gyps_y ma(ljgnet, Wh('j(.:h \llvals useg " FIG. 5. Normalized signalH2-S1-S2)/(S1-S2) vs detector
previous studie$3,17], was oriented perpendicularly to the positionx plotted on a logarithmic scale. The error bars indicate the

incident H™ and increased linearly in strength along the siangard deviations for each data point. The Gypsy magnet was set
beam direction. Flgtates stripped at various field strengthsio a peak field of 1.3 T to separate the=3 level from those of
according to their lifetimes against field ionization and thenigher n. The FIF magnet was set to 0.16 T. The broad feature
resultant electrons and protons were deflected in the fieltheaked near-100 mm is due to field-detached Hthe narrow peak
The protons were detected with a scanning scintillator inatx=0 is due to unstripped H and the broad feature peaked near
coincidence with a pair of paddle-shaped scintillators thatl20 mm is due to field-stripped= 3 states. The peak due to pro-
covered the entire exit window and whose signals were usetdns is centered near 240 mm and the shoulder appearing on the
for normalization. From the lifetime calculations and the lowerx-value side of the H peak is due to field ionization of H
known magnetic-field magFig. 4), the trajectories of the states in levelsi>3.
protons derived from the stripped’tdtates were calculated
and compared with the experimental data. These experimenEdF field is about 4 cm along the beam direction. The magnet
were performed under two conditions. Most of our work housing was placed around a rectangulax (® cn?) beam
concerned interactions of Hwith a foil in a field-free region  pipe upstream of the Gypsy magnet. The Gypsy magnet is a
just upstream of the Gypsy magnet. The second set of exqalf-quadrupole magnet turned 90° from the usual orienta-
perimental conditions were those of the foil-in-the-fiidF)  tion of a quadrupole, producing a field that increases linearly
experiments. In the FIF experiments, the foil, instead of rewith distance along the beam direction. The fields of the two
siding just upstream of the Gypsy magnet, was placed in thenagnets were parallel and directed downwéeken to be
housing of an additional magn€EIF magnet 0.6 m up- they direction. The peak field was remotely set to a field
stream of the Gypsy foil box. The drift distance allowed thevalue optimized to strip a particularlevel: 1.3 T to sepa-
HO Stark states produced in the FIF foil to evolve, redistrib-rate then=3 states from the higher-states and 0.6 T to
uting their populations within the various sublevels before separate th@=4 states from the other higherstates. The
encountering the Gypsy field. peak field was monitored with a shunt resistor whose output
Strong ion rest frame electric fields were produced withvoltage was used in the calibration of the magnet. No appre-
the FIF and Gypsy electromagnets. A laboratory magneticiable stripping oih=2 or 1 states occurred. About 30% of
field By, transforms as a rest frame electric fifldg, plusa state|3200 remained unstripped through the 1.3-T Gypsy
rest frame magnetic fiel8, [18]. The rest frame electric field; all other states in then=3 level were completely
field is given byF,.s= YVX By, Wherev is the ion’s veloc-  stripped, as were all states in time=4 level in the 0.6-T
ity in the laboratory frame and the rest frame magnetic fieldfield. All states in then=5 level were completely stripped in
is given by Bis=yB,. The parametery=T/Mc?+1, a 0.29-T field, but the individual Stark states could not be
whereT is the energy of the beam aiic? is the rest energy resolved in our experiments.
of the H™ ion. For a beam energy of 797 Me\y€1.85), a The foils (dimensions 2.5 7.5 cnf) were glued to thin
1-T laboratory magnetic field results in a rest frame electric2.5X 7.5 cnf aluminum plates having 2-cm-diam circular
field of 4.67 MV/cm. The typical momentum spread of the holes through their centers. There were two foil boxes: one
LAMPF H™ beam was estimated to Bp/p~10~% based on near the Gypsy magnéhe Gypsy foil box and another for
previous experimentgl2]. The beam energy was not mea- the FIF experiment 0.6 m further upstream. The Gypsy foil
sured directly for these experiments, but a nominal value obox had two remotely actuatéd-shaped foil carriers, called
797+2 MeV was typical for the HIRAB laboratory at forks, each of which held five foils. The forks were placed
LAMPF. The macropulse rate was 118 Hz and the macroabout 5 cm apart along the beam direction. The foils were
pulse length was 72s, with a hybrid structure consisting remotely positioned in the beam path. The double-fork con-
of seven repeated patterns of 35 ns of 5-ns spaced micrdiguration also allowed “double-foil” experiments to be per-
pulses, followed by 65 ns without micropulses. formed. A foil on each fork could be positioned in the beam
The field map and a sketch of the FIF magnet are showpath so that the H beam could impinge on two foils. The
in Fig. 4. The full width at half maximunifFWHM) of the  FIF foil box held a single AIO; foil with the fork oriented
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horizontally. The position of the FIF foil, determined by the  The stripping probability calculation was based on a
experimental deflection of the H H°, and H" beams, was single-ion code. In order to compare the theoretical predic-
near the peak field. The 4D, foils were made at the Apple- tions with the experimental data, the finite beam width
ton Rutherford Laboratory19] and the carbon foils were (~1 mm FWHM) and the detector response function were
produced commercially. The foil areal densitigsg/cnt) convolved with the theoretical predictions. The detector re-
were measured using ranging[20]. Although both carbon sponse function and the ion beam width were determined
and ALO; foils were used in the Gypsy foil box, only one using a multiparameter modified Levenberg-Marquardt fit-
foil, an Al,Os foil of areal density 167ug/cn?, was tested in  ting algorithm [21] to data obtained in runs taken with a
the FIF foil box. All foils survived the experiments intact. small step size designed to determine the beam profile. The
A 5-m-long, stainless-steel, rectangular cross-section driftdetector was modeled as having a straight-edged response
tube was located downstream of the Gypsy magnet. A 0.13with a Gaussian top and both the width of the straight edged
mm-thick aluminum exit window stripped all electrons from part and the Gaussian width were varied. The ion beam in-
the incident H, HC, and H" beams as they emerged from tensity was assumed to be Gaussian. The two other variable
the drift tube, producing protons that were detected byparameters were an arbitrary normalization factor and a shift
the scintillator detectors, as described below. For a peakarameter that specified the peak of the convolution. The
Gypsy field of 1.3 T, the angle between the undeflectedbeam width and the detector response function parameters
H%n=1,2) peakmaximum and the peak from protons that from the fitting procedure were used later for convolving
entered the Gypsy magnet was approximately 40 mrad.  with the theoretical probability distribution functions. The
Scintillators downstream of the exit window were used todetector width determined from the fit was close to the mea-
detect the protons that emerged from the exit window. Scinsured width of the plastic scintillator material of the scanning
tillators were chosen for their linear response for high countscintillator and the beam width was also close to the width
ing rates and fast readout time when coupled with standartheasured in previous experiments.
computer automated measurement and cont@AMAC) For a givenn level, the data in the region between the
electronics. Two wide scintillatoréS1 andS2) in fixed po-  protons derived from unstripped’latoms and the protons at
sitions and in temporal coincidence with a 5.8-mm-widethe maximum bend angle resulted from a superposition of
scanning scintillator K12) were used obtain the representa-n(n+1)/2 distinct stategreduced fromn? states due to the
tive spectrum shown in Fig. 5. The scintillatek2 was ap- degeneracy im) that stripped in the Gypsy field. The DKPT
proximately 5.7 m downstream of the beginning of the up-did not take into account effects on the lifetime calculations
stream ramp of the Gypsy field. The scintillat®% andS2  due to magnetic field¢in our caseyBy,,). For each state
counted all particles emerging from the exit window andwithin a givenn level, the population fractioR as a function
were used for normalization. The abscissa of the normalizedf z and the corresponding PDDF were calculated. The
spectrum of Fig. 5, denoted byH@-S1-S2)/(S1-S2), is  PDDF curves for the=3 and 4 levels shown in Fig. 6 were
the coincidence rate between the scanning scintillat@r ~ used in a fitting routine to calculate the populations of the
with the paddle scintillator§1 andS2, divided by the coin- respective states.
cidence rate betweeBl andS2. The coincidence between  The experimental signd; at detector positiox; can be
H2, S1, andS2 discriminated against unwanted backgroundwritten
signals. The scanning scintillatdi2 was mounted on a
translation stage coupled to a drive screw. A stepper motor dPi(x:)
controlled by a personal computer turned the drive screw to S]-=E q d o
position scintillatorH2. Each data point was taken at fixed : X
H2 position until theS1 signal reached a set maximum num-
ber of counts(about 6.5¢10°). With the beam parameters wherex; is the detector positiord P;(x;)/dx is the value of
used, the probability of counting two events as a single everthe PDDF of Stark stateat detector position;, and{a;} is
was below 10%. The scanning scintillator was moved along a set coefficients. The coefficienfs;} that minimized y?
the x direction in equal stepeither 2 or 3 mm for an entire were determined using a multiparameter fitting program
spectrum covering the H peak through the proton peak. written in thec language based on routines in Rgf1].
The personal computer also controlled the data acquisition Although calculating lifetimes of Stark states against field
via interface with CAMAC modules. The HIRAB laboratory jonization using the DKPT is straightforward and produces

()

beam-line pressure was approximately 1@orr. reasonable estimates, improved accuracy has been achieved
by several other approaches, including those of Damburg and
IV. DATA ANALYSIS Kolosov [16] and Bergemarn22]. These more complicated

methods of calculating the lifetimes result in higher preci-
sion, but the complexity of the computer codes for calcula-
The stripping probabilities of the HStark states in a tions at the many field values necessary for smooth probabil-
givenn level as a function of field and their probability den- ity distribution functions nearly prohibits their use. We
sity distribution function(PDDF curves along the travel di- combined the computational ease of the DKPT with the re-
rection of the scanning scintillator were computed. Since desults of the more accurate Bergeman calculations to make a
cay of an individual Stark state occurs by field ionization andmodified perturbation theorfywhich shall hereafter be called
by spontaneous emission, both loss mechanisms are calctire Bergeman-modified DKPBMDKPT)]. The idea was to
lated and incorporated into the PDDF for each Stark state a®late the lifetimes from the DKP{which were calculated at
described below. every field value of the interpolated magnetic field map con-

A. Calculations of the dP/dx for the H® Stark states
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0.20 FIG. 7. Spectra comparing two carbon foils of thickness 9.4 and
= |4300> 107 ug/cn?. Despite the order of magnitude difference in the foil
4 < [420+1> thickness, apart from an overall normalization factor, the distribu-
0.15 r . [410+£2> tions have similar shapes.
. ' . [4210>
q . . .
§ 0.10 ,,"4 5 Ij(l)(l) ii the tenn=4 states were calculated by Bergeman. Estimates
= o /I’\ ; * [401+2> of R(F) for the three remaining states were made by aver-
7Ry R 7 ’ \ . |4120> aging the coefficients of the adjacent stafa® order of the
0.05 | ; é \ d | ging ; J N
AT ' /\\ A\ 1 - |402+1> states was in terms of the peaks of thdiP/dF versus
y ) ‘/"\'L\\ ‘ + |[4030> F). The widths calculated by Bergeman were narrower
0.00 e than the DKPT widths, but within a factor of 2 in the field
35 45 55 75 85 95 region of interest. The widths given by the “exact” calcula-
(b) detector position (mm) tion of Damburg and Kolosov were also narrower than their

perturbation theory results. The Bergeman results are in

FIG. 6. Probability density distribution functions of th& Btark close agreement with the exact results of Damburg and
stategnn;n,m) at a beam energy of 797 MeV in tii@) n=3 level  Kglosov.
through a 1.3-T peak Gypsy field afio) then=4 level through a Once the fit coefficient$C,N) of R(F) were determined
0.6-T peakfylpsy fieldi The ?te;ltes most resistant to field ionizatiogyr each state, the widths as a function of field were calcu-
appear at the lower values of the detector posikioiihe origin of i ;
the x axis is the undeflected Hpeak. The markers indicate the I[;?tet?]:{-;]iglg?g)mg f[h-e Wlt?]ths p;ie%on the D_}FETDKPTB
scanning scintillator detector positions where experimental datay » giving the WIGIRSL gvpipr - 1h€ prob-

were taken. The curves without markers are the distribution funcally density distribution functions along the scanning scin-

tions determined from the Damburg-Kolosov fifth-order perturba-’“”atOr dll’eC'tlondP/d.X yersusx b 9omputed using
tion theory without modification. I'smokeT - Since the lifetimes calculated using the DKPT are
shorter than those found by the BMDKPT for the same field
strength, the net effect was that td®/dx versusx curves
shifted toward the unstripped®rpeak and the shapes of the
curves changed slightly, relative to the PDDF curves ob-

were calculated using the DKPT at the same field valuelained using the unmodified DKPT. For the state most resis-

used in the Bergeman calculations. The ratio of the widths afnt tO field ionization in the=4 level, 14300, the peak of
function of field is given by the dP/dx versusx curve moved about 1 mm closer to the

unstripped M peak. Smaller shifts were obtained for the
other curves. A comparison of thdP/dx versusx curves
R(F)=1—-NF ex;iCFl/z), 4) using the DKPT and the BMDKPT widths for the states
|3200 and [3020 and for the state$4300 and |4030 are
whereF is the field in a.u. andN and C are two parameters shown in Figs. ) and &b), respectively.
whose values were calculated by minimiziggé This func- Two sets of fits were made for each of the levets3 and
tional form was chosen since the two calculations should}. The first set used six and ten PDDF curves for rilve3
agree at the zero-field limit and the curvature of the ratio wasnd 4 levels, respectively. The second set of fits used the
well matched by the function in the region of field strengths'symmetry hypothesis,” which posits that states within a
where the states strip. The results do not depend strongly tigivenn level with equallk| are produced in equal abundance
choice of a functional form foR(F). The population of a in the amorphous foil. The charge densities of these pairs of
state as a function of field was calculated, as was its derivastates are mirror images with respect to reflection inxpe
tive with respect to fieldF, dP/dF. The fit parameter€ and  plane. The PDDF curves of states with egjialvere fit with
N for each state were calculated using the Bergeman resulssingle coefficient. For the=23 level, there were two such
only in the field region wher@lP/dF was appreciable as pairs (for |k|=2 and 1 and for then=4 level there were
determined by the unmodified DKPT. The widths of seven ofthree pairs |k|=3,2,1). Using the symmetry hypothesis,

sisting of 13 000 poinjswith the results of Bergeman’s cal-
culations, which were calculated at a small number of point
(fewer than ten for each statd-or a given state, the widths
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there were four and six independent fit coefficients for the .30
n=3 and 4 levels, respectively. Since the center of the con:
volution of the beam and detector was not known precisely. 0.5
a shift in the origin of the PDDF curves was used as a free
parameter. Tha? was determined as a function of the shift
parameter taken in 0.5-mm increments.
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B. Calculation of the spontaneous decay

population fraction
=] =]
S G

Decays of excited Pistates due to spontaneous emission

[ Statistical
were explicitly calculated. In the case of the FIF experiment, 0.05
the distance between the foil and the beginning of the linea
rise in the Gypsy field was 0.9 iithe distance between foil 0.00 U
boxes was 0.6 m allowing significant time for decay. The 3200> 1300+£2> 1301£1>

field-free matrix elements were calculated based on the for @

) . - - [nnyn,m>
mulas in Ref[15]. The Stark energies as a function of field

were calculated as described above and the transition rate 07
from all upper states to all lower states were calculated. The 094
spontaneous emission rate out of a particular state was addt 06 0149
to the rate of decay due to field ionization. = 05 D15.9
Calculations showed that decays from highdevels into § '
the n=4 level were negligible; only about 0.2% of the £ o4 % - 8393
sparsely populatech=5 level decayed spontaneously in g % @502
transit from the FIF magnet to the Gypsy magnet and only 5 03 g H69.3
about 20% of that went to the=4 level. The relative abun- & | E m107.2
dance of leveh produced in a foil is expected to fall off as = %2 ' |224
1/n® [12] and the transition probabilities decrease with in- X O Statistical
creasingn, so that contributions from higher-levels are ’ K
even less important. Similar calculations showed that spon (g ?'

taneous decays to the=3 level were also negligible. Slight 0 1 2
differences in decays of states with opposite values of elec
tric quantum numbek arise because states withk are lost

via field ionization sooner than theirk counterparts, giving FIG. 8. (a) Population fractions at the foil of ¥n=3) states for
the latter states more time to decay via spontaneous emisarious carbon foil thicknesseshown in the legend in units of
sion. States in the=3 level decayed between 5% and 13% ug/cn?). The values stated are the populations at the foil that in-
when the foil was placed in the Gypsy foil box and betweenclude the depletion due to spontaneous decays between the foil and
10% and 27% when the foil was placed in the FIF foil box.the Gypsy magnet. The fits are not constrained by the “symmetry
States in thev=4 level decayed between 1.5% and 5% whenhypothesis” in|kl. The statistical weights are also shown, where
the foil was placed in the Gypsy foil box, and between 3%each state wittm+ 0 is weighted by 2% and states wittm=0 are
and 11% when the foil was placed in the FIF foil box. weighted by 1%,  (b) Populations in then sublevel of then=3
level based on the populations {a). Populations for statistical
weighting are also shown. A significantly higher population fraction
resides in then=0 sublevel compared to a statistical distribution.

| m>

V. RESULTS AND ANALYSIS OF H%n=3) STATES
A. Carbon foil raw data and analysis

The raw spectra for foils in the range 9.4—107%@/cnf?  populations in them sublevels corresponding to the fits of
are shown in Fig. 7. These spectra have been renormalized §ig. 8@ are shown in Fig. &). The best-fit reducecg?
that their integrated aredshe integral of the normalized values were in the range 0.63—-1.@&erage 0.942 indicat-
scintillator signal H2-S1-S2)/(S1-S2) with respect to the ing good fits. Thicker foils produced=3 states less effi-
position of scanning scintillatdd 2 alongx] are equal to that  ciently than the thinner foils above a thickness ofa@lcn?
of the raw spectrum of the 69,3g/cnt foil, whose inte- [3] and the fits for the foils of thickness greater than 107
grated area was the largest of all the foils tested. AIthougmg/cm2 were worse in terms of thg? than their thinner
the thicknesses differ by a factor of 11, apart from a normalcounterparts. The similarities between the raw spectra, re-
ization factor, the two spectra overlap. This tells us immediflected in the fits, strongly support the conclusion that the
ately that the distribution among Stark states is very similarrelative abundances of the individual Stark states within the
According to[3], the population fraction ofi=3 states was n=3 level does not change substantially with foil thickness
~1% of the total beam for the 693g/cn? foil. Spectra in the thickness region tested. The fits using the symmetry
from other foil thicknesses in this range were similar in hypothesis gave results consistent with those of the uncon-
shape to those shown in Fig. 7. strained fits. The minimum values of reducgd averaged

The relative abundance determined without using thed.962, indicating good fits. The fits differ markedly from the
symmetry hypothesis of the individual Stark states in thestatistical weighting, where each of tmé states within a
n=23 level produced at the foil are shown in FigaB The given n level is weighted equallyfor each value oim+0
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detector position (mm) FIG. 10. Population fractions in thre=3 level produced by two
Al O, foils of thickness 81 and 16gg/cn? placed in the Gypsy foil
FIG. 9. Spectra in the=3 region from an AJO; foil placed in box without using the symmetry hypothesis.
the FIF foil box (open circley of thickness 16Z 8 ug/cn? and an
Al O, foil of thickness 167 8 ug/cn? placed 0.6 m downstream in .
the Gypsy foil box(solid squares The dashed line through open @P0ut 0.4G-0.01. The raw data ofi=4 states produced in
circles is the FIF foil renormalized to match the area under thecarbon foils of different thickness look similar except for a
spectrum of the foil in the Gypsy foil box. thickness-dependent normalization factor. As in the case of
) . then=3 states, the similarities in the spectra are apparent.
there are two statésThe m=0 sublevel, while comprising  1p¢ fiting procedure for Stark states in the 4 level is
883; 50?2:;8 t(S):Z}eSOISutlgetEi]o_nsir!et\ﬂ,—agcl?a l:/gtls f?_l[hrgugﬁly similar to that of t?en=3 states. The fits are not as good in
served distribution is close to 3:2:1, suggesting that the statetg rms of re(_iuced( as the fits from the=3 states for th_ree
with =1 are counted as ). reasons. First, there are ten nondegene.rate states in the
=4 level, some of whose PDDF curves virtually overlap, as
B. Al,O, foil raw data and analysis shown in Fig. b). Second, the FWHM of the spectra result-
ing from strippedn=4 states covers only about 30 mm,
which is much shorter than the 160 mm FWHM for the

duced a signal too small to analyze accurately. Of the re[1=3 spectra. Third, since the overall signal strength is lower

maining three foils, two were approximately equal in thick- than for then=3 states, the=4 states have a lower signal-
ness(161+8 and 167 8 uglcn?) and the thickness of the to-nmsg rqtlo. .On the other hand, the decay due to spontane-
third was 80.% 4.1 ug/cn?. The 167ug/cn? foil was the ~ OUS emission is reduced compared to that ofrtke3 level.

only foil used in the FIF foil box; the 80.9- and 1Gig/cn? ~ Furthermore, alin=4 states strip completely in the 0.6-T
foils were used in the Gypsy foil box. The first comparison isfield of the Gypsy magnet, unlike in the=3 level, where
between the foils of like thickness. Figure 9 shows the spec30% of statg3200 survives the 1.3-T field.

tra of the 161- and 16Zg/cn? foils renormalized to make Fits with and without the symmetry hypothesis were simi-
the integrated areas equal. Other differences in the specttar. The fit without using the symmetry hypothesis is shown
are due to the substantial difference in drift time before enin Fig. 12a). The populations within the four differemh
countering the Gypsy magnet: the 1a@fcn? foil was
placed in the FIF foil box 0.6 m upstream of the 16a/cnT

Four different foil thicknesses of AD; foil were tested.
The spectrum of an AD; foil of thickness 54Qug/cn? pro-

foil in the Gypsy foil box. Despite these differences, the o
population fractions determined from these two spectra agree 167
within the uncertainties. Figure 10 displays the fits to the _ 14|
spectra of AJO; foils of thickness 81 and 164kg/cn?, both gﬂ 12
placed in the Gypsy foil box. The areas of the two spectra % 1 |
were set equal to the area of the 16@/cnT foil. The spectra S sl
clearly show the similarity between the two foils. g
A direct comparison between a fy/cnt carbon foil and ‘g 06
an 81ug/cnt? Al,Oj; foil is shown in Fig. 11. Based on the 04
raw spectra and the fits to the ddshown abovg it appears 02 r
that the population fractions of individual states in the 0.0 s
n=3 level states are similar for carbon and,®4 foils. 20 40 60 80 100 120 140 160

detector position (mm)

VI. RESULTS OF ANALYSIS OF H %(n=4) STATES
FIG. 11. Comparison of spectra from a &@cn? carbon foil
(solid squaresand an 81ug/cn? Al,O; foil (open circlesplaced in
For equal foil thickness, the production nf=4 states is the Gypsy foil box. A normalization factor was applied to make the
lower relative to that of then=3 stateq 3] by a factor of areas under the spectra equal.

A. Carbon foil raw data and analysis
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0.5 022 _ FIG. 13. Comparison of spectra produced with an &fen?
aso0 Al,O; foil (open squargsand a “double” carbon foil consisting
- gig; 50- and 107ug/cnt foils separated by-1 cm (solid circleg. The
£ 0.4 ' O Statistical spectra were renormalized to make the areas under the curves equal.
g
i= 03 e ——
g VII. FOIL-IN-THE-FIELD EXPERIMENT
2
i.; 02 B A. Introduction
S
2 The purpose of the FIF experiments was to determine
0.1 . how applying a motional field in the foil region affects the
; population distributions of excited states produced in an
0.0 — Al,O; foil. The experimental apparatus was essentially the
0 | ) 3 same as for the studies just described. In these measure-

b S ments, the 167:g/cn? Al,O5 foil was placed in the 0.16-T
®) | m field of the FIF magnet. This foil box was 0.6 m upstream of
. . . the Gypsy foil box. The data analysis was also essentially the
FIG. 12. (a) Population fractions at the foil of ¥in=4) states sameyrt)Ju)f( with the increased disytance to the Gypsy mggnet
for_ four different carbon foil thicknessgshown in th_e legend in _ Came'an increased fraction of loss due to spontaneous decay
units of ugle®). The values stated are the populations at the fo”ﬂ'%wis extra drift distance was accounted for in the calculation .

that include the depletion due to spontaneous decays between t o I
foil and the Gypsy magnet. The fits are not constrained by thd the PDDF curves. Additionally, the drift distance, a low-

symmetry hypothesis itk|. The statistical weights are also shown, field re_gion, allows _for the evolution of the wave function
where each state witm+0 is weighted by 2% and states with that mixes states within the samelevel. As discussed be-

m=0 are weighted by B2. (b) Populations in thensublevel of the  [0W, the state mixing causes the=4 FIF field-off spectrum
n=4 level based on the populations @. Populations for statisti- 0 0ok considerably different from the spectrum obtained
cal weighting are also shown. Compared to a statistical distributionwith a similar foil placed in the Gypsy foil box.

a significantly higher population fraction resides in the=0 sub-

level. B. Results for then=3 level

The experimental data for the FIF on and off cases in the
sublevels are shown in Fig. 8. As with then=3 level, n=3 region are shown in Fig. 14. The population distribu-
states withm=0 comprise a greater fraction of the popula- tions at the foil for the field-on and field-off cases are in
tion distribution than the statistical distribution. agreement within the uncertainties. These fits account for the

spontaneous decay and for the fact that 30% of the state
_ |3200 that enters the Gypsy field does not field ionize. The
B. Al,05 raw data and analysis fact that the symmetry for the statg@200 and |3020 is
] ] _ present and that the symmetry would not be apparent if the
Onen=4 test of an AJO; foil placed in the Gypsy foil ~ corrections for spontaneous decay and for the partial survival
box was made. A comparison of raw data renormalized toyf state|3200 were not included suggests these corrections
equal areas for this AD; foil and a double carbon foil is \ere quantitatively reasonable. Figurgd5shows the popu-
shown in Fig. 13. The carbon foil spectrum was from alation fractions in then=3 level compared with the statisti-
double-foil experiment in which two carbon foils of thick- cal weighting. Figure 1®) shows the population fractions
ness 107 and 5@g/cnt were placed in the same foil box within the m sublevels and the statistical weights. As seen in
about 2 cm apart. The Stark state distribution of the doublésig. 8b), states withm=0 are enhanced relative to states
foil was consistent with that of single carbon foil and con-with m#0. We conclude that the 0.16-T peak FIF field has
sistent with the AJO4 foil. no appreciable effect on the=3 Stark state distribution.
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) . FIG. 16. Normalized signalH1-S1-S2)/(S1-S2) vs x ob-
_FIG. 14. Comparison between the experimental spectra takefhineq with the Gypsy magnet set to a peak field of 0.6 T to separate
with the FIF magnet oricircles and off (squaresin the n=3 o —4 Jevel from those of highen. The FIF magnet was turned

region. The Gypsy magnet was set to a peak field of 1.3 T. They¢t The error bars indicate the standard deviations for each data
error bars indicate the standard deviations for each data point. point. The shoulder beginning near 90 mm is due to ionization of

HO states in levelsi>4.

C. Results for then=4 level

0.25
— — rtF ofr _ The experimental spectrum for time=4 field-off case is

2 020 O Statistical ‘{‘ shown in Fig. 16. There are marked differences in the Stark

-% { + {, state populations for the field-off and field-on spectra shown

£ ois i _I_ in Fig. 17. The most striking differences in the two experi-

o 1 '{' {— mental spectra is revealed in the relative abundance of the

£ parabolic state4300 when the field is on compared to the

2 010 N field-off case. The fit coefficients corresponding to the spec-

= tra of Fig. 17 were adjusted for the spontaneous decays to

S 005 1 yield the populations produced at the foil, shown in Fig. 18.
When the field is imposed on the foil, the population frac-

0.00 tions within threem sublevels are the same as for the field-
200> B10+s1>  [300:2> 3110  [30L£1>  [3020> off case within statistical uncertainty, although the state

@ lnnyn,m> |4300 doubles in population when the field is applied to the
0.6 foil. The trend of decreasing population for increasimg
os | +, - OFIF On persists as in the=3 case.

g —‘F OFIF Off

*g 0.4 + O Statistical 5.0 T

&= 45

E 0.3 } 40 1

= 35 ¢ 1

Hie B 30 t

5 B
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FIG. 15. (a) Population fractions at the foil of in=3) states 0.0 - . .

comparing the FIF field-off and field-on cases. The fits are not 40 50 60 70 80 90

constrained by the symmetry hypothesis k. The statistical
weights are also shown, where each state withO is weighted by
2/n? and states witm=0 are weighted by b?. (b) Populations in FIG. 17. Fits to the experimental data in the4 region com-

the m sublevel of then=3 level based on the populations (a). paring the 0.16-T field-on(open circley and field-off (solid
Populations for statistical weighting are also shown. A significantlysquarescases. The dashed line is the fit when the FIF magnet was
higher population fraction resides in the= 0 sublevel comparedto setto 0.16 T and the solid line is the fit to the data when the magnet
a statistical distribution. was turned off.

detector position (mm)
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FIG. 19. Normalized signalH{1-S1-S2)/(S1-S2) vsx plotted
= QFIF Off in the region of the stripped states of the'5 level for the field-on
‘§ — O Statistical Weights || (solid squaresand field-off (open circleg cases. The error bars
& indicate the standard deviations for each data point. The lines con-
.§ 1 I necting the data pointsolid for the field-on case and dashed for
= field-off case are to aid in viewing and are not fits to the data. The
g Gypsy magnet was set to a peak field of 0.27 T for both plots to
separate tha=5 level from those of highan. The FIF magnet was
set to a peak field of 0.16 T. The shoulder beginning near 45 mm is
due to ionization of ¥ states in levels>5.
0 1 2 3 Gypsy foil box, which looks almost identical to the spectrum
(b) |m| of a 161ug/cn? Al,O; foil, is corrected for spontaneous

decay to determine the spectrum that would result if the foil
FIG. 18. (@) Population fractions at the foil of #in=4) states  were placed at the FIF foil box, the FIF field-off case does

comparing the FIF field-off and field-on cases. The fits are notyot agree with the “corrected” spectrum. The corrected

constrained by the symmetry hypothesis [lo. The statistical  gpectrum does resemble the field-on case however. Numer-

weights are also shown, where each state with0 is weighted by ;5 ¢ross-checks were made to ensure the data runs were not

Lin® and states witim=0 are weighted by 2. (b) Populations in interchanged. The fact that the=4 spectra for the FIF field-

the m sublevel of then=4 level based on the populations (a).

Populations for statistical weighting are also shown. A significantly 5

higher population fraction resides in time=0 sublevel compared

with a statistical distribution for both field-on and field-off cases.

D. Comments on then=5 level

The spectra in the=5 region with the field on and field
off are shown in Fig. 19. As in th@=4 case, there are
distinct differences in the spectra depending on whether or~ 5 |
not the field was imposed on the foil. The experimental ap-
paratus was unable to resolve individual Stark states of the
n=5 level. However, since the PDDF for the state most
resistant to field ionization|5400, is peaked near 25 mm
and is relatively well separated from it neighbors, itis clear ¢
that statd5400 is in greater abundance when the field is on 35 45 55 65 75
than when the field is off, similar to the=4 case. detector position (mm)

Signal

1}

85

FIG. 20. Comparison between spectra 0j@y foils at the FIF
- . . foil box and at the Gypsy foil box. The solid squares mark the

As shown in F'gs' 1&) a”O_' 10, the pOPL"at_'on fractions spectrum obtained when the &.‘g/cm2 foil was placed in the
for the Gypsy foil box AYO; foil tests and FIF field-off case  Gypsy foil box. The dashed curve corrects for spontaneous decays
agree within error bars fan=3 states. However, it appears petween the FIF and Gypsy foil boxes and shows what the spectra
that then=4 FIF field-off case is in disagreement with the would look like if the wave function were not evolving between the
corresponding test when a similar foil was placed in theriF foil box and the Gypsy foil box. The open triangisolid
Gypsy foil box. Figure 20 shows the apparent discrepancycircles markers show the spectrum obtained when the A6/nt
When the spectrum of an &lg/cn? Al,O; foil placed in the  foil is placed in the FIF foil box and the FIF magnet is @ff).

E. Comparison of FIF and Gypsy foil box data
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The invariance of the shape of the raw data indicates that
the Stark state fractions produced in the interaction of the
800-MeV H™ beam with thin foils changes appreciably nei-
ther with foil thickness nor with the foil materials used in
this measurement. Gullest al. [3] discussed the total yield
within a givenn level versus foil thickness. Here we see no
m=0 strong dependence of the Stark state fractions on foil thick-

ness. This conclusion holds for both the=3 and 4 levels.
Moreover, a gap in the foil interaction makes no large dif-
ference; the double-foit=4 spectrum looked nearly identi-

_— cal in shape to the single-foil carbon spectra.
field

m#0 direction

foil "atom"

B. Discussion of the foil-in-the-field results

FIG. 21. Qualitative model to explain why tine=0 states have The effects of the external electric field on the population
a greater chance of being produced witk= 0 in the interaction of  fractions of individual Stark states in the=3 and 4 levels
an incoming l'q atom with a Single foil “atom.” The beam direc- were |nvest|gated The apparent d|Screpancy between the
tion is perpendicular to the page, which is parallel to the foil. A H field-off spectra for then=4, evident in the experimental
atom in an excited state collides with the foil atom. If the incoming spectra, is much less evident in the=3 cases. Since the
HO atom is to the right or to the left of the foil atofas shown in the major difference between the two experiments is the place-
diagram, a state with a zero component of the orbital angular MO~ ant of the foil. we suspect that the discrepancy depends on
mentum(m=0 state will result. If the H atom impinges from the the time of fligh't between the foil and the Gypsy magnet and
top or bottom, states with opposite values|wf # 0 will result. on principal quantum number.

The wave function evolves during the flight time between
off case and the data taken at the Gypsy foil box are quiteéhe foil and the Gypsy magnet. The Stark eigenstdies
different is also reflected in the fits. The fit coefficients for parabolic coordinatesare, absent fine-structure interactions,
some states shown in Figs.(82and 18a) are in clear dis- degenerate in the zero-field region between the foil and the
agreement, though thém| distributions are similar. The Gypsy magnet and therefore there is no coupling between

cause of apparent discrepancy is discussed below. them. However, when the parabolic states are projected onto
field-free spherical states with the electron spin included, the
VIIl. QUALITATIVE DISCUSSION AND CONCLUSIONS degeneracy is broken for states of differe';nﬂ'hese fine-
structure states, as they drift through the field-free region
A. Population fractions produced from the production foil to the analyzing Gypsy magnet, de-
in beam-foil interactions velop relative phase differences and decay with different life-

that (i) the Stark state distribution departed significantly fromthe€y are again projected, to be sorted out by the motional
statistical weighting for th@=3 and 4 levels with the rela- electric field, is altered. The distribution of parabolic states

thus depends on the distance of drift from production to
analysis. Since the distribution also depends on the relative
phases of the states at the production point, which we do not
determine, we cannot correct for the changes observed aris-
o . ing from the substantial drift for the FIF measurements. Un-
Qualitatively the origin of the apparent enhancement Ofye tanding of the expected differences between the distribu-
m=0 states can be understood by considering aidh im-  tions of the n=3 and 4 levels would require detailed
pinging on a spherical scattering center, as shown in Fig. 210deling beyond the scope of the present paper. It should be
The orbital angular momenta of both electrons is, to a firSgmphasized, however, that differences in the distributions for
approximation, zero. Upon passing near a scattering centef— 4 states produced with the field on and field off are sig-
(i-e., carbon atomthe ion is relieved of one of its electrons, nificant and indicate the presence of stripping propensities,
in an interaction that may be regarded as peripheral since W§ependent on the strength of the applied motional electric

wish to consider that the residual hydrogen atom emergefe|d, which have not yet been explained theoretically.
intact, although possibly excited. Classically we would ex-

pect that the residual atom should receive an impulsive
torque, perpendicular to both the beam direction and the line
joining the atom to the scattering center, causing an increase The authors wish to thank J. Hontas, J. DeMoss, and C.
in orbital angular momentum in the same direction. ThisAllen of the University of New Mexico for their assistance in
same mechanism might also be expected to arise when designing and building the scintillator translation stage; the
hydrogen atom from an earlier interaction is subsequentlyechnical staff of LAMPF, especially L. Quintana, for their
excited by a peripheral collision. Because the axis of quanpreparation and maintenance of the beam line and operation
tization is perpendicular to the beam direction, states withof the beam; D. Viera, J. Tesmer, and M. Borden for assis-
m=0 would be expected to be more abundant. Thusnthe tance with the foil density measurements; and F. Roybal for
=0 enhancement may have nothing more than a geometricaksistance with the installation of the foils into the beam line.
origin. There are simply more ways to make=0 states. We also thank C. Planner of the Rutherford Appleton Labo-

tive abundances ofm+0 being reduced relative to thm
=0 states andii) for the n=3 case, the application of the
magnetic field on the foil had little effect, but had a pro-
nounced effect for the=4 and 5 levels.
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